Introduction {#sec1}
============

Gymnothespirolignans A--F ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) belong to a novel and rare family of lignan natural products that has been named polycyclic spiro lignans.^[@ref1],[@ref2]^ They were isolated in 2014 and 2016 from the herbaceous flowering plant *Gymnotheca involucrata* collected from the southwestern region of China. Gymnothespirolignan A and B showed modest antiviral activities against respiratory syncytial virus with IC~50~ values of 31.87 and 17.51 μM, respectively.^[@ref1]^ Gymnothespirolignan C demonstrated moderate insecticidal activity against the banded cucumber beetle *Diabrotica balteata* at 500 ppm in an artificial diet assay.^[@ref2]^ Furthermore, structurally related synthetic polycyclic spiro-tetrahydrofurans have been reported as serotonin (5-HT) receptor ligands.^[@ref3]^ The synthesis of this type of scaffold has also been pursued using a variety of strategies.^[@ref4]−[@ref7]^ Our interest in these compounds arose from their conformational-restricted structure that provides a fixed spatial orientation of functional groups that may be exploited for efficient and defined binding modes with biomolecular targets, as we previously demonstrated with aporphine alkaloids.^[@ref8]^

![Structure of gymnothespiolignans A--F, (−)-sacidumlignan D, and two model substrates **1a** and **1b**.](ao0c00976_0001){#fig1}

All six currently known members of the gymnothespiolignan family contain a highly substituted fluorene motif as well as a spiro-disubstituted tetrahydrofuran with three adjacent stereocenters. They are structurally related to sacidumlignan D ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"})---a known member of the related class of lignans that was identified as a rearranged tetrahydrofuran lignan.^[@ref9]^ Gymnothespirolignan A--F and sacidumlignan D have a common disubstituted tetrahydrofuran. However, they differ in terms of the connectivity and substitutions of the aromatic rings. In this study, we report a synthetic approach for polycyclic spiro lignans using two model substrates **1a** and **1b** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

Four racemic^[@ref10]−[@ref13]^ and two enantioselective^[@ref12],[@ref14]^ syntheses have been described for sacidumlignan D. In all those syntheses, the di-substituted tetrahydrofuran was indirectly prepared through the formation of butyrolactones followed by reduction to a diol and subsequent acid-mediated cyclization to form the ether linkage. In this report, a concise and direct route for the construction of the spiro tetrahydrofuran with the formation of the ether linkage without employing butyrolactones is presented, thus avoiding subsequent ring opening and cyclization during lactone reduction.

The new strategy is outlined in the retrosynthetic analysis in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. We envisioned four key transformations with late-stage ether linkage construction via acidic cyclization of diols **A**.^[@ref4]^ The diols would arise from Grignard addition to fluorenones **B** that would be obtained via Friedel--Crafts acylation of carboxylic acids **C**. The later materials would be accessed from Suzuki coupling of the known bromo-containing substrates **D** and the commercially available boronic acid **E**.

![Retrosynthetic analysis of gymnothespirolignan model substrates **1a** and **1b**. Successive disconnections of **1a** and **1b** gives diol **A**, fluorenone **B**, and biphenyl carboxylic acid **C**. This latter intermediate would come from starting materials **D** and **E**.](ao0c00976_0002){#fig2}

Results and Discussion {#sec2}
======================

The synthesis commenced with the construction of fluorenone **7a** ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) over three steps from the known bromo-containing derivative **3a** (synthesized by the methylation of 2-bromo-3-hydroxybenzaldehyde, **2a**, according to a reported method^[@ref15]^). Suzuki coupling between substrate **3a** and 3,4,5-trimethoxyphenyl boronic acid, **4**, using 5 mol % Pd(Ph~3~P)~4~ efficiently generated biaryl **5a** in 95% yield. Pinnick oxidation of aldehyde **5a** gave the corresponding carboxylic acid **6a**, albeit in 50% yield. However, oxidation using 30% hydrogen peroxide and 15% aqueous sodium hydroxide according to a procedure by Koyama and Kamikawa^[@ref16]^ provided the desired carboxylic acid **6a** in 98% yield. *Warning: caution should be exercised when conducting this oxidation reaction as vigorous effervescence has occurred!* We were able to mitigate this issue by conducting the reaction on relatively small scale (e.g. ≤150 mg of **5a**). Finally, Friedel--Crafts acylation^[@ref17]^ utilizing trifluoroacetic anhydride (TFAA) at 0 °C for 30 min furnished the required fluorenone **7a** in 93% yield.

![Synthetic Route for Fluorenones **7a** and **7b**](ao0c00976_0003){#sch1}

Having obtained fluorenone **7a**, the construction of the spiro tetrahydrofuran was pursued ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). The reaction between fluorenone **7a** and the Grignard reagent derived from commercially available ((3-bromopropoxy)methyl)benzene, **8**, in diethyl ether^[@ref18]^ generated alcohol **9a** in 65% yield. Debenzylation of **9a** using 10% Pd/C under an atmosphere of hydrogen for 24 h formed diol **10a** in 84% yield. Finally, acid-mediated cyclization using two equivalents of trifluoroacetic acid (TFA) at 0 °C for only 2 min formed the ether linkage generating the gymnothespirolignan model substrate **1a** in 89% yield.

![Synthetic Route for Polycyclic Spiro Lignan Model Substrates **1a** and **1b**; Also Shown is the Structure of Fluorenol Byproduct **11**](ao0c00976_0004){#sch2}

Encouraged by the successful synthesis of the model substrate **1a**, the preparation of a second model substrate **1b**, which has all of the aromatic substituents as naturally occurring gymnothespirolignans A--C and F, was pursued. The synthesis started with the generation of fluorenone **7b**. Bromo-containing substrate **3b** was prepared using the method reported by Alam *et al*.^[@ref19]^ from commercially available methyl 3,4,5-trihydroxybenzoate, **2b**. Suzuki coupling of **3b** with boronic acid **4** following a reported method^[@ref20]^ with a slight modification generated biaryl derivative **5b** in 92% yield. The basic hydrolysis of methyl ester **5b** with lithium hydroxide in a 1:1 mixture of THF and MeOH with heating at 70 °C overnight furnished the desired carboxylic acid **6b** in 94% yield. The treatment of **6b** with TFAA-generated fluorenone **7b** in 90% yield. The reaction of fluorenone **7b** and the Grignard reagent derived from **8** in diethyl ether or tetrahydrofuran or a mixture of these solvents, unfortunately, gave only trace amounts of the desired product **9b**. This likely resulted from poor solubility of **7b** in diethyl ether or tetrahydrofuran. However, conducting the reaction in a mixture of 1,4-dioxane and diethyl ether (1:4) gave the desired tertiary alcohol **9b** in 70% yield along with approximately 10% of the inseparable fluorenol **11**. Performing the reaction in a mixture of dimethoxyethane and 1,4-dioxane (1:1) provided the required product **9b** in 85% yield accompanied with only a trace amount of **11**, which did not affect the next reaction. The hydrogenolysis of the benzyl protecting group of **9b** generated diol **10b** in 80% yield. Finally, the treatment of **10b** with TFA at 0 °C furnished model substrate **1b** in 74% yield.

Conclusions {#sec3}
===========

In summary, a synthetic approach to polycyclic spiro lignans was established. Model substrates **1a** and **1b** were prepared in six steps and overall yields of 42 and 39% starting from the known bromo-containing substrates **3a** or **3b**, respectively. The synthetic route started by synthesizing fluorenones **7a** and **7b** via Suzuki coupling to install the biaryl bond followed by Friedel--Crafts acylation. Additionally, the spiro cyclic ether ring was concisely constructed utilizing Grignard reactions to synthesize diols **10a** and **10b**, which were subjected to acid-mediated cyclization to form the ether linkage. Currently, the illustrated strategy for the construction of the model substrates is being applied to the syntheses of naturally occurring gymnothespirolignans.

Experimental Section {#sec4}
====================

General Information {#sec4.1}
-------------------

All oxygen- or moisture-sensitive reactions were carried out under an argon atmosphere in oven-dried glassware with rubber septa and magnetic stirring. An oil bath was used as the heat source for reactions that required heating. All commercially available chemicals and solvents were used directly without further purification. Reactions were monitored by thin-layer chromatography on Baker-flex silica gel plates IB2-F. Visualization was accomplished with UV light (254 nm) or a visualizing agent (phosphomolybdic acid stain). Flash chromatography was conducted on a silica gel (40--60 μm). Melting points were measured using the Thomas Hoover UNI-MELT capillary melting point apparatus and are uncorrected. Nuclear magnetic resonance (NMR) spectra were recorded on a 600 MHz spectrometer at room temperature. All ^1^H NMR spectra were measured in parts per million (ppm, δ) relative to the signal of tetramethylsilane (0.0 ppm). Data for ^1^H NMR were reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and br = broad), coupling constant *J* (Hz), and integration. All ^13^C NMR spectra were recorded on a 151 MHz spectrometer and were reported in ppm relative to CDCl~3~ (77.0 ppm). High resolution mass spectra (HRMS) were performed by the University of Texas Mass Spectrometry facility using electrospray ionization (ESI) or chemical ionization (CI) and analyzed using the quadrupole time-of-flight (Q-TOF) mass spectrometer. The spectra were reported as *m*/*z* (relative intensity) for the molecular ion \[M\]. 2-Bromo-3-methoxybenzaldehyde (**3a**)^[@ref15]^ and methyl 6-bromo-7-methoxybenzo\[*d*\]\[1,3\]dioxole-5-carboxylate (**3b**)^[@ref19]^ were prepared according to the literature procedures. All new compounds were characterized by ^1^H and ^13^C NMR spectroscopies and high-resolution mass spectrometry (HRMS). Known compounds were characterized by ^1^H and ^13^C NMR spectroscopies, and the spectra were compared with the reported data.

### 3′,4′,5′,6-Tetramethoxy-\[1,1′-biphenyl\]-2-carbaldehyde (**5a**) {#sec4.1.1}

To a suspension of Pd(PPh~3~)~4~ (346.6 mg, 0.3 mmol, 5 mol %) in anhydrous DME (6 mL) under an argon atmosphere was added a solution of 2-bromo-3-methoxybenzaldehyde **3a**([@ref15]) (1.29 g, 6 mmol, 1 equiv) in anhydrous DME (24 mL), and the resulting solution was stirred at room temperature for 15 min. A solution of (3,4,5-trimethoxyphenyl)boronic acid **4** (1.40 g, 6.6 mmol, 1.1 equiv) in ethanol (4 mL) was added and the resulting mixture was stirred at room temperature for 10 min. Aqueous 2 M Na~2~CO~3~ (7 mL) was added and the resulting mixture was heated under reflux for 24 h. The reaction mixture was allowed to cool to room temperature and then concentrated under reduced pressure. The resulting residue was acidified with 3 N aqueous HCl. The aqueous layer was extracted with DCM (3 × 150 mL). The combined organic extracts were washed with saturated aqueous NaHCO~3~ and brine, dried over anhydrous Na~2~SO~4~, filtered, and concentrated. The crude product was purified by flash column chromatography on silica gel (EtOAc/hexane, 15:85) to afford **5a** (1.72 g, 95% yield) as a pale yellow solid; mp 128--130 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 9.76 (s, 1H), 7.61 (d, *J* = 7.8 Hz, 1H), 7.46 (t, *J* = 8.1 Hz, 1H), 7.20 (d, *J* = 7.8 Hz, 1H), 6.53 (s, 2H), 3.92 (s, 3H), 3.85 (s, 6H), 3.83 (s, 3H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 192.6, 156.9, 152.7, 137.5, 135.5, 134.6, 128.7, 128.5, 118.8, 115.8, 108.2, 60.9, 56.1 ppm; HRMS (CI) *m*/*z*: calcd for C~17~H~18~O~5~ \[M\]^+^, 302.1154; found, 302.1154.

### Methyl 7-Methoxy-6-(3,4,5-trimethoxyphenyl)benzo\[*d*\]\[1,3\]dioxole-5-carboxylate (**5b**) {#sec4.1.2}

A sealed tube was charged with aryl bromide **3b**([@ref19]) (578 mg, 2 mmol, 1 equiv), (3,4,5-trimethoxyphenyl)boronic acid **4** (636 mg, 3 mmol, 1.5 equiv), tripotassium phosphate (849 mg, 4 mmol, 2 equiv), Pd~2~(dba)~3~ (9.14 mg, 0.01 mmol, 0.5 mol %), SPhos (16.42 mg, 0.04 mmol, 2 mol %), and THF (6 mL). The sealed tube was then capped with a rubber septum, evacuated, and backfilled with argon. The septum was then rapidly replaced with a screw cap, and the sealed tube was heated at 80 °C for 20 h. The reaction mixture was allowed to cool to room temperature, then filtered through a small plug of silica gel eluting with EtOAc. The filtrate was concentrated under reduced pressure. The resulting residue was purified by flash chromatography on silica gel (EtOAc/hexane, 15:85) to give **5b** (692.5 mg, 92% yield) as a white solid; mp 145--146 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.02 (s, 1H), 6.44 (s, 2H), 6.06 (s, 2H), 3.90 (s, 3H), 3.84 (s, 6H), 3.83 (s, 3H), 3.55 (s, 3H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 168.1, 152.5, 148.2, 140.9, 139.9, 136.9, 131.9, 130.1, 125.9, 106.7, 104.2, 101.9, 60.8, 60.1, 55.9, 51.9 ppm; HRMS (ESI) *m*/*z*: calcd for C~19~H~20~O~8~ \[M + Na\]^+^, 399.1050; found, 399.1063.

### 3′,4′,5′,6-Tetramethoxy-\[1,1′-biphenyl\]-2-carboxylic Acid (**6a**) {#sec4.1.3}

To a solution of **5a** (100 mg, 0.33 mmol, 1 equiv) in methanol (10 mL) in a 250 mL round bottom flask at 60 °C was added a mixture of 15% aqueous sodium hydroxide (5 mL) and 30% hydrogen peroxide (5 mL). After 1 min, additional 30% hydrogen peroxide (11 mL) was added. **Caution should be exercised when conducting this reaction as vigorous effervescence has occurred! We were able to mitigate this issue by conducting the reaction on relatively small scale (e.g. ≤150 mg of 5a).** The round bottom flask was fitted with a condenser open to the air, and the resulting mixture was heated at 60 °C for 10 min, then at 80 °C for 20 min, and then at 90 °C for 1 h. After cooling to room temperature, the solvent was removed under reduced pressure, and the residue was washed with diethyl ether (discarded). The residue was then acidified with 3 N HCl (20 mL) and extracted with ethyl acetate (3 × 20 mL). The combined extracts were washed with brine, dried over Na~2~SO~4~, filtered, and concentrated under reduced pressure to give the crude carboxylic acid **6a** that was judged pure from ^1^H NMR and used in the next step without further purification. (103 mg, 98%); pale yellow solid; mp 167--170 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.44 (d, *J* = 8.4 Hz, 1H), 7.38 (t, *J* = 8.1 Hz, 1H), 7.12 (d, *J* = 8.4 Hz, 1H), 6.51 (s, 2H), 3.89 (s, 3H), 3.81 (s, 6H), 3.78 (s, 3H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 173.0, 156.9, 152.6, 137.1, 132.2, 131.5, 130.9, 128.5, 121.7, 114.4, 106.9, 60.8, 56.1, 56.0 ppm; HRMS (CI) *m*/*z*: calcd for C~17~H~18~O~6~ \[M\]^+^, 318.1103; found, 318.1098.

### 7-Methoxy-6-(3,4,5-trimethoxyphenyl)benzo\[*d*\]\[1,3\]dioxole-5-carboxylic Acid (**6b**) {#sec4.1.4}

An aqueous LiOH solution (1 M, 52 mL, 52 mmol, 8 equiv) was added to a solution of ester **5b** (2.446 g, 6.5 mmol, 1 equiv) in 1:1 mixture of THF/MeOH (40 mL). The resulting solution was then heated at 70 °C overnight. The reaction mixture was cooled to 0 °C and then was quenched with a 1 N aqueous HCl solution. The aqueous phase was extracted with EtOAc (3 × 100 mL). The combined organic extracts were washed with brine, dried over Na~2~SO~4~, filtered, and concentrated under reduced pressure to give the crude carboxylic acid **6b** that was judged pure from ^1^H NMR and used in the next step without further purification. (2.214 g, 94%); off-white solid; mp 185--187 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.16 (s, 1H), 6.43 (s, 2H), 6.07 (s, 2H), 3.89 (s, 3H), 3.81 (s, 6H), 3.80 (s, 3H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 171.4, 152.6, 148.2, 141.2, 140.9, 137.2, 131.5, 131.5, 124.0, 106.9, 105.2, 102.1, 60.9, 60.2, 56.0 ppm; HRMS (ESI) *m*/*z*: calcd for C~18~H~18~O~8~ \[M + Na\]^+^, 385.0894; found, 385.0907.

General Procedure of Friedel--Crafts Acylations to Synthesize Fluorenones **7a** or **7b** {#sec4.2}
------------------------------------------------------------------------------------------

To a suspension of carboxylic acid **6a** or **6b** (6 mmol, 1 equiv) in anhydrous DCM for **6a** or anhydrous CHCl~3~ for **6b** (22 mL) under an argon atmosphere at 0 °C was added TFAA (2.5 mL, 18 mmol, 3 equiv). The resulting solution was stirred at the same temperature for 30 min before quenching with water (100 mL). The aqueous layer was extracted with EtOAc (3 × 150 mL). The combined organic extracts were washed with a saturated aqueous NaHCO~3~ solution and brine, dried over anhydrous Na~2~SO~4~, filtered, and concentrated. The crude product was purified by flash column chromatography on silica gel (EtOAc/hexane, 15:85) to afford **7a** or **7b**.

### 1,2,3,5-Tetramethoy-9*H*-fluoren-9-one (**7a**) {#sec4.2.1}

It was obtained as a yellow solid (1.68 g, 93% yield); mp 100--102 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.22--7.18 (m, 3H), 6.98 (dd, *J* = 7.2, 1.8 Hz, 1H), 4.11 (s, 3H), 3.98 (s, 3H), 3.96 (s, 3H), 3.86 (s, 3H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 190.6, 158.8, 154.7, 153.2, 141.5, 141.0, 136.8, 130.1, 129.1, 117.3, 116.9, 115.9, 104.3, 61.9, 61.3, 56.3, 55.6 ppm; HRMS (CI) *m*/*z*: calcd for C~17~H~16~O~5~ \[M\]^+^, 300.0998; found, 300.0993.

### 4,6,7,8-Tetramethoy-9*H*-fluoreno\[2,3-*d*\]\[1,3\]dioxol-9-one (**7b**) {#sec4.2.2}

It was obtained as an orange solid (1.86 g, 90% yield); mp 153--154 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.07 (s, 1H), 6.76 (s, 1H), 5.99 (s, 2H), 4.10 (s, 3H), 4.08 (s, 3H), 3.95 (s, 3H), 3.84 (s, 3H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 189.1, 158.6, 152.9, 149.7, 141.2, 140.9, 140.6, 139.3, 130.5, 128.2, 117.7, 103.5, 101.9, 99.4, 61.9, 61.3, 59.5, 56.2 ppm; HRMS (ESI) *m*/*z*: calcd for C~18~H~16~O~7~ \[M + Na\]^+^, 367.0788; found, 367.0803.

General Procedure of Grignard Reactions to Synthesize Alcohols **9a** or **9b** {#sec4.3}
-------------------------------------------------------------------------------

A round bottom flask was charged with magnesium turnings (136 mg, 5.6 mmol, 3.5 equiv with respect to **8**) and anhydrous diethyl ether (1 mL) and placed under an atmosphere of argon. In a separate vial under an atmosphere of argon, a mixture of ((3-bromopropoxy)methyl)benzene (**8**) (366 mg, 1.6 mmol, 4 equiv with respect to **7a**) and dibromoethane (11 μL, 0.128 mmol, 0.08 equiv with respect to **8**) was dissolved in dry diethyl ether (2 mL), and then about 200 μL of this solution was added via syringe to the Mg suspension. The reaction mixture was heated at 30 °C. After 10 min, the solution became cloudy, and then the remaining mixture of **8** and dibromoethane solution was added dropwise over 30 min. After complete addition, the Grignard reagent solution was stirred for an additional 1 h at 30 °C and then cooled to room temperature. The ambient temperature Grignard solution was added dropwise via *cannula* to a stirred solution of **7a** (120 mg, 0.4 mmol, 1 equiv) in diethyl ether (1 mL) or to a stirred solution of **7b** (138 mg, 0.4 mmol, 1 equiv) in DME/1,4-dioxane (1:1) (2 mL) at 0 °C under an atmosphere of argon. The resulting reaction mixture was allowed to gradually warm to room temperature over 1 h before quenching with a saturated aqueous NH~4~Cl solution. The aqueous phase was extracted with EtOAc (3 × 50 mL), and the combined organic extracts were washed with brine, dried over Na~2~SO~4~, filtered, and concentrated under reduced pressure. The crude product was purified by flash column chromatography on silica gel (EtOAc/hexane, 15:85) to afford **9a** or **9b**.

### 9-(3-(Benzyloxy(propyl)-1,2,3,5-tetramethoy-9*H*-fluoren-9-ol)) (**9a**) {#sec4.3.1}

It was obtained as colorless viscous liquid (117 mg, 65% yield); ^1^H NMR (600 MHz, CDCl~3~): δ 7.34 (s, 1H), 7.30--7.28 (m, 2H), 7.25--7.21 (m, 4H), 7.10 (d, *J* = 7.2 Hz, 1H), 6.85 (d, *J* = 7.8 Hz, 1H), 4.35 (s, 2H), 4.01 (s, 3H), 3.95 (s, 3H), 3.93 (s, 3H), 3.87 (s, 3H), 3.30--3.26 (m, 2H), 2.56 (s, 1H), 2.51 (td, *J* = 12.0, 4.2 Hz, 1H), 2.28 (td, *J* = 12.0, 4.2 Hz, 1H), 1.16--1.11 (m, 1H), 1.10--1.04 (m, 1H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 155.0, 154.6, 150.4, 150.2, 141.1, 138.4, 134.9, 130.7, 128.7, 128.2, 127.5, 127.4, 127.0, 115.4, 111.0, 103.5, 83.3, 72.6, 70.2, 61.0, 60.9, 56.2, 55.4, 35.4, 24.8 ppm; HRMS (CI) *m*/*z*: calcd for C~27~H~30~O~6~ \[M\]^+^, 450.2042; found, 450.2032.

### 9-(3-(Benzyloxy(propyl)-4,6,7,8-tetramethoy-9*H*-fluoreno\[2,3-*d*\]\[1,3\]dioxol-9-ol)) (**9b**) {#sec4.3.2}

It was obtained as an off-white solid (168 mg, 85% yield); mp 125--128 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.32--7.29 (m, 2H), 7.26--7.23 (m, 3H), 7.21 (s, 1H), 6.69 (s, 1H), 5.95 (d, *J* = 1.8 Hz, 2H), 4.38 (s, 2H), 4.11 (s, 3H), 3.99 (s, 3H), 3.91 (s, 3H), 3.85 (s, 3H), 3.31 (t, *J* = 6.9 Hz, 2H), 2.53 (br s, 1H), 2.47 (td, *J* = 12.0, 5.1 Hz, 1H), 2.18 (td, *J* = 12.0, 5.1 Hz, 1H), 1.16--1.07 (m, 2H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 154.6, 150.0, 149.3, 143.6, 140.5, 139.0, 138.4, 136.5, 134.9, 130.8, 128.2, 127.5, 127.4, 124.0, 102.4, 101.2, 98.7, 82.8, 72.7, 70.2, 61.0, 60.9, 59.5, 56.2, 35.4, 24.9 ppm; HRMS (ESI) *m*/*z*: calcd for C~28~H~30~O~8~ \[M + Na\]^+^, 517.1833; found, 517.1849.

General Procedure of Hydrogenolysis to Synthesize Diols **10a** or **10b** {#sec4.4}
--------------------------------------------------------------------------

To a solution of **9a** (90 mg, 0.2 mmol) in methanol (2 mL) or **9b** (99 mg, 0.2 mmol) in methanol/EtOAc (5:2) (7 mL) was added 10% Pd/C (20 wt %). Additional 0.5 mL of methanol was added to wash the wall of the flask. The reaction mixture was stirred under an atmosphere of H~2~ at room temperature for 24 h for **9a** and 5 h for **9b**. The reaction mixture was then filtered through Celite and concentrated under reduced pressure. The crude product was purified by flash column chromatography on silica gel eluting with EtOAc/hexane (50:50) to afford **10a** or with EtOAc/hexane (60:40) to give **10b**.

### 9-(3-Hydroxypropyl)-1,2,3,5-tetramethoy-9*H*-fluoren-9-ol (**10a**) {#sec4.4.1}

It was obtained as a white solid (61 mg, 84% yield); mp 173--175 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.35 (s, 1H), 7.24 (t, *J* = 7.8 Hz, 1H), 7.11 (d, *J* = 7.2 Hz, 1H), 6.87 (d, *J* = 7.8 Hz, 1H), 4.04 (s, 3H), 3.97 (s, 3H), 3.94 (s, 3H), 3.88 (s, 3H), 3.47--3.41 (m, 2H), 2.56 (br s, 1H), 2.51--2.46 (m, 1H), 2.30--2.25 (m, 1H), 1.35 (br s, 1H), 1.12--1.03 (m, 2H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 155.1, 154.7, 150.4, 150.2, 141.1, 134.9, 130.7, 128.8, 126.9, 115.4, 111.1, 103.6, 83.2, 62.8, 61.1, 60.9, 56.2, 55.4, 34.9, 27.8 ppm; HRMS (CI) *m*/*z*: calcd for C~20~H~24~O~6~ \[M\]^+^, 360.1573; found, 360.1575.

### 9-(3-Hydroxypropyl)-4,6,7,8-tetramethoy-9*H*-fluoreno\[2,3-*d*\]\[1,3\]dioxol-9-ol (**10b**) {#sec4.4.2}

It was obtained as a white solid (65 mg, 80% yield); mp 184--187 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.22 (s, 1H), 6.70 (s, 1H), 5.96 (s, 2H), 4.12 (s, 3H), 4.03 (s, 3H), 3.92 (s, 3H), 3.86 (s, 3H), 3.46 (br s, 2H), 2.55 (s, 1H), 2.48--2.43 (m, 1H), 2.20--2.15 (m, 1H), 1.35 (s, 1H), 1.11--1.06 (m, 2H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 154.7, 150.1, 149.4, 143.6, 140.5, 139.1, 136.5, 134.9, 130.8, 124.0, 102.5, 101.3, 98.7, 82.8, 62.8, 61.1, 60.9, 59.6, 56.2, 34.9, 27.8 ppm; HRMS (ESI) *m*/*z*: calcd for C~21~H~24~O~8~ \[M + Na\]^+^, 427.1363; found, 427.1374.

General Procedure of Acid Mediated Cyclizations to Synthesize **1a** or **1b** {#sec4.5}
------------------------------------------------------------------------------

To a solution of **10a** or **10b** (0.05 mmol, 1 equiv) in chloroform (2 mL) at 0 °C under an atmosphere of argon was added TFA (7.5 μL, 0.1 mmol, 2 equiv) in one portion. The reaction mixture was stirred for 2 min before quenching with a saturated aqueous NaHCO~3~ solution. The aqueous phase was extracted with DCM (3 × 10 mL), and the combined organic extracts were washed with water and brine, dried over Na~2~SO~4~, filtered, and concentrated under reduced pressure. The crude product was purified by flash column chromatography on silica gel (EtOAc/hexane, 10:90) to afford **1a** or **1b**.

### 1,2,3,5-Tetramethoxy-4′,5′-dihydro-3′*H*-spiro\[fluorene-9,2′-furan\] (**1a**) {#sec4.5.1}

It was obtained as a semisolid (15 mg, 89% yield); ^1^H NMR (600 MHz, CDCl~3~): δ 7.37 (s, 1H), 7.20 (t, *J* = 7.5 Hz, 1H), 7.03 (d, *J* = 7.2 Hz, 1H), 6.83 (d, *J* = 8.4 Hz, 1H), 4.31--4.25 (m, 2H), 3.98 (s, 3H), 3.95 (s, 3H), 3.94 (s, 3H), 3.90 (s, 3H), 2.68--2.63 (m, 1H), 2.40--2.31 (m, 2H), 2.24--2.20 (m, 1H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 154.9, 154.5, 153.4, 150.2, 141.6, 134.9, 132.5, 128.7, 126.1, 115.3, 110.6, 103.7, 90.2, 69.8, 61.1, 60.9, 56.2, 55.4, 35.9, 27.8 ppm; HRMS (CI) *m*/*z*: calcd for C~20~H~22~O~5~ \[M\]^+^, 342.1467; found, 342.1461.

### 4,6,7,8-Tetramethoxy-4′,5′-dihydro-3′*H*-spiro\[fluoreno\[2,3-*d*\]\[1,3\]dioxole-9,2′-furan\] (**1b**) {#sec4.5.2}

It was obtained as a white solid (13.6 mg, 74% yield); mp 145--146 °C; ^1^H NMR (600 MHz, CDCl~3~): δ 7.25 (s, 1H), 6.62 (s, 1H), 5.94 (d, *J* = 7.2 Hz, 2H), 4.27--4.21 (m, 2H), 4.10 (s, 3H), 3.96 (s, 3H), 3.92 (s, 3H), 3.88 (s, 3H), 2.66--2.61 (m, 1H), 2.38--2.32 (m, 1H), 2.32--2.24 (m, 1H), 2.19--2.15 (m, 1H) ppm; ^13^C NMR (151 MHz, CDCl~3~): δ 154.5, 150.1, 149.2, 146.6, 141.0, 139.0, 136.3, 135.0, 132.7, 123.2, 102.6, 101.2, 98.7, 89.8, 69.7, 61.1, 61.0, 59.6, 56.2, 35.9, 27.8 ppm; HRMS (ESI) *m*/*z*: calcd for C~21~H~22~O~7~ \[M + Na\]^+^, 409.1258; found, 409.1270.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00976](https://pubs.acs.org/doi/10.1021/acsomega.0c00976?goto=supporting-info).Copies of the ^1^H and ^13^C NMR spectra for **1a--b**, **5a--b**, **6a--b**, **7a--b**, **9a--b**, and **10a--b** are provided ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00976/suppl_file/ao0c00976_si_001.pdf))

Supplementary Material
======================

###### 

ao0c00976_si_001.pdf

The authors declare no competing financial interest.

The authors would like to thank the Welch Foundation (E-1916-20170325) for generous financial support for this research.
